The paper presents a detailed report on a large sample of masonry churches damaged by the 2016-2017 Central Italy seismic sequence. The first part of the work analyses the seismic sequence to give an overview of the occurred events in terms of both ground motion parameters and macro-seismic intensities. The surveyed data are organized into a database made, to date, of 990 cases, which represent almost one-fourth of the whole surveys performed during the emergency phase. Such a significant statistical sample was used to carry out a regional scale typological analysis in order to identify the most recurrent typologies of churches present in Central Italy. The analysis of the observed damage and usability outcomes allowed drawing some conclusions on the behaviour of the inspected churches under the 2016-2017 seismic sequence. The collected data were used to create damage probability matrixes for homogeneous classes of churches at different damage levels and, successively, to implement the corresponding fragility curves in terms of PGA.
Introduction
Past Italian earthquakes significantly highlighted that ancient masonry churches and monumental buildings are considerably vulnerable to dynamic actions, even in case of lowintensity earthquakes, as mentioned by Doglioni et al. (1994) , Lagomarsino and Podestà (2004a) , da Porto et al. (2012) and Taffarel et al. (2016) . In addition, due to the high artistic and cultural value of artworks (such as sculptures, paintings, mosaics, metalwork, embroidery) housed in churches and monumental buildings, evaluating the damage to artistic assets after an earthquake is also an important issue, as reported by Valluzzi et al. (2015) .
The latest seismic sequence that struck Central Italy in 2016-2017 has been described in some recent papers by Borzi et al. (2018) , Iervolino et al. (2017) and Luzi et al. (2017) . Immediately after each earthquake, the inspection of buildings in the affected area, from ordinary houses to monumental buildings, was carried out. The main aims of the inspections were to evaluate the usability of the structures and to implement eventual safety measures. Detailed descriptions of the observed damage to different types of buildings have been reported for schools (Di Ludovico et al. 2018) , hospitals (Santarsiero et al. 2018) , masonry and reinforced concrete buildings (Masi et al. 2017; Fragomeli et al. 2017a, b) . On the other hand, there are only few preliminary testimonies on damage observed in churches after the Central Italy seismic sequence, such as those by Casapulla et al. (2017) , Cescatti et al. (2017 ), De Matteis et al. (2017 .
With reference to several earthquakes occurred in Italy, starting from Friuli in 1976 (Doglioni et al. 1994) , and, then, Umbria-Marche in 1997 (Lagomarsino and Podestà 2004a, b) , Molise in 2002 (Lagomarsino and Podestà 2004c ), L'Aquila 2009 (da Porto et al. 2012 and Emilia in 2012 (Taffarel et al. 2016) , past studies on masonry churches highlighted the recurrent activation of specific damage mechanisms (D'Ayala and Speranza 2003) . In particular, the observed damage showed that the seismic behaviour of a church can be studied by subdividing it into macro-elements or architectonic parts (façades, apses, bell-towers, domes, vaults, triumphal arches, etc.) , which could be characterised by an independent structural response with respect to the behaviour of the whole building (Doglioni et al. 1994; D'Ayala and Speranza 2003; Taffarel et al. 2016) . Therefore, a proper form for damage assessment was developed after the 1997 Umbria-Marche earthquake, with a first extensive application on about 3000 churches (DPC 2001; Lagomarsino and Podestà 2004a, b) . Later on, the Italian Department of Civil Protection and the Ministry of Cultural Heritage and Activities officially adopted such a form for the post-earthquake emergency management, naming it A-DC form (DPCM 2006; MiBACT 2015) . The damage survey form considers 28 indicators, representing the potential collapse mechanisms for several macro-elements or architectonic parts.
The damages occurred in masonry churches after the 2016-2017 Central Italy earthquakes were assessed by this form. Some typical damage mechanisms (façade collapse, shear failure in masonry walls, apse overturning, damages in bell tower, etc.) are reported in Fig. 1 .
Several studies tried to perform the vulnerability analyses of both ordinary buildings (Lagomarsino and Giovinazzi 2006; Lourenço et al. 2013; Casapulla et al. 2018a Casapulla et al. , 2019 and churches (Lagomarsino and Podestà 2004c; De Matteis et al. 2014 Casapulla et al. 2017) , based on surveys carried out after seismic events in order to assign vulnerability indexes with reference to both global and local failure mechanisms (Ramaglia et al. 2017; Casapulla and Argiento 2018; Casapulla et al. 2018a, b; Giresini et al. 2018) . The vulnerability index takes into account, indeed, both the intrinsic weakness and the original construction details of the church, in order to estimate the expected damage according to a specific earthquake intensity. A similar approach has been also adopted in the Guidelines issued by the Ministry of Cultural Heritage and Activities (DPCM 2011) for evaluation and mitigation of seismic risk to cultural heritage and intervention planning.
The peculiar structural typology of churches may raise some intrinsic vulnerability, mainly related to the presence of open plans without intermediate diaphragms, large height to width ratio of walls, thrusting horizontal structures. Generally, the churches require interventions able to improve the static scheme or to counteract the activation of local outof-plane mechanisms. Besides that, the strength capacity of the masonry elements may be low, due to the low strength of the component materials (i.e. natural stones, bricks, mortar). Moreover, the choice of the more suitable intervention technique is a delicate phase, considering also the heritage value of such buildings. Intervention should be, indeed, properly planned in order to find the less invasive retrofitting method and the most compatible and durable materials. Typical interventions are: grout-injection made of steel (Valluzzi et al. 2004) or innovative bars (Ceroni et al. 2016) , insertion of ties made of steel or innovative materials (Ceroni and Prota 2009; Giaretton et al. 2018) , repointing and bed-joint repointing with steel or innovative materials (Valluzzi et al. 2005 ) and in-plane strengthening with Fibre Reinforced Cementitious Matrix (FRCM) systems (Valluzzi et al. 2004 (Valluzzi et al. , 2005 Borri et al. 2014; Giaretton et al. 2017; Ceroni and Salzano 2018; Cescatti et al. 2018; Giaretton et al. 2018) .
This paper presents the statistical analysis of observational data collected during 990 inspections performed on masonry churches after the 2016-2017 Central Italy seismic sequence. The main aim of this study is to analyse such a consistent and representative dataset in order to give an in-depth description of the most recurrent typologies of churches in Central Italy and to define the main vulnerability issues related to the behaviour of those buildings under seismic actions. The paper describes the global vulnerability of this building stock by means of damage probability matrixes, for different damage levels and for homogeneous classes of churches. Such matrices are prodromal to the subsequent assessment of fragility curves from a quantitative point of view, thanks to the acquisition of ground motions characteristics (in terms of both macro-seismic intensity and peak ground acceleration-PGA).
Description of the seismic event and damage survey

Seismic sequence
On August 24th 2016, an earthquake of magnitude Mw = 6.0 occurred in Central Italy, with the epicentre very close to the city of Amatrice, causing casualties and damages to buildings, lifeline facilities (water supply, gas, electricity, communications, broadcasting facilities) and other infrastructures. From August 24th to December 31st 3729 shocks with magnitude higher than 2.5 were recorded in the area bounded by a 70 km radius circle with centre in the city of Amatrice. Until January 2017, further 5 events from Mw = 5.4 to Mw = 6.5 stroke the area, with epicentres in Visso and Norcia as well. Table 1 summarizes the characteristics of the main earthquakes that affected the area since August 24th and that will be quantitatively considered throughout the whole paper, with reference to both macro-seismic intensity and PGA. Figure 2 shows the main shocks and aftershocks distribution during time. Figure 3 shows the map with the main epicentres of the Amatrice-Visso-Norcia seismic sequence from August 24th 2016 to January 18th 2017.
Unlike other seismic emergencies, the Central Italy seismic sequence had a peculiar distribution of events and magnitude that could not be univocally referred to a main shock. For this reason, all the six events presented in Table 1 were considered for each church and the relationship with the damage suffered by each church was evaluated only for the highest PGA occurred before the survey date.
Damage survey
The University of Padova, together with the University of Napoli Federico II and the University of Napoli 'Parthenope', performed a total of 990 surveys on churches over 14 provinces and 207 municipalities among Abruzzo (123), Marche (678), Lazio (68) and Umbria (121) regions. The ministerial organization of surveys was based on lists that accounted for all the cultural heritage buildings, regardless their typology and maintenance state. This resulted in some surveys on ruins (14), reinforced concrete churches (1), masonry churches already declared unsafe after previous seismic events and, eventually, already equipped by provisional interventions (12) ( Fig. 4a, b ). These cases were not included in the database.
Moreover, in 20 cases, it was not possible to determine a damage index due to the collapse of the church (Fig. 4c ) or because of an incomplete survey. For this reason, out of 990 cases, only 943 surveys were finally considered.
The seismic events following the August 24th 2016 earthquake, i.e. on October 30th 2016 (Mw = 6.5) and January 18th 2017 (Mw = 5.5), caused a temporary suspension of the emergency activities, which were intensively resumed few days after the shocks. Therefore, many churches were inspected more than once, following each seismic event, resulting in a higher number of surveys compared to the number of churches. Also, the additional effects produced by each shock made the interpretation of damage more complex. For instance, the damage to the churches inspected after October 30th, which suffered more than one stroke, cannot be related to the latest PGA, only. In this framework, out of 943 surveys, 30 churches were inspected twice and for these 30 cases only the first survey was examined, resulting in 913 different inspected churches. Lastly, 24 anomalies were found in the database, such as churches that suffered very severe damages for an extremely low value of PGA (i.e. PGA ≤ 0.1 g). Since these results could be attributable to other sources of damage different from earthquake (such as a very low maintenance level), those cases were excluded from the database. Finally, the total number of inspected masonry churches considered in the database was 889.
It is worth noting that the collected dataset represents almost one-fourth of the entire number of surveys totally performed by all the involved universities or technicians, but the examined surveys are consistent within the geographical distribution of all the cases.
In order to evaluate the seismic vulnerability of the masonry churches included in the available database (i.e. 889 churches), it was also necessary to define the input action, in addition to the occurred damage. For this purpose, two different approaches were adopted: the instrumental method, based on the use of the peak ground accelerations (PGAs), and a qualitative approach, based on the macro-seismic scale. Both tools present intrinsic difficulties in their use. The instrumental approach is, indeed, quantitative and more accurate but, to date, on the basis on the available measurement points, interpolation procedures do not account for site effects, providing only large-scale evaluations. On the other hand, although less precise, the macro-seismic scale may help understanding site effects through the direct observation of damage suffered by urban or rural agglomerates, and by comparing it with historical tools and formulations.
It is worth noting that the currently used MCS and EMS98 macro-seismic scales (Sieberg 1930; Grunthal 1998) refer to ordinary buildings, which may have a very different structural behaviour and, thus, may be characterized by different types and levels of damage with respect to churches. A proper macro-seismic scale for heritage structures does not exist and this might lead to an uncorrected estimation of the macro-seismic scales for churches.
In Sect. 2.4 both approaches are discussed and used for further analyses.
Cumulative damage
Based on the remarks on the subsequent strong shakes introduced in the previous sections, some considerations are necessary about the cumulative damage in the inspected churches. First of all, it has to be underlined that due to the very short period between each two events, between October 26th and 30th, it is quite impossible to distinguish the damage caused by each event. Hence, the following observations are only related to the effects observed after the events of August 24th and October 30th. The sequence of high intensity seismic events occurred from August 2016 to January 2017 might have induced a progressive damage in already damaged structures; an example is given by the Saint Egidio Church (Fig. 5 ) in Sommati, a small village near Amatrice (RI). In this case the extensive shear damage suffered by the façade (Fig. 5a ) after August 24th led to a higher vulnerability of the structure to the second stroke ( Fig. 5b , after October 30th), which caused, indeed, the complete collapse of the wall. Damage increased in other macro-elements, too, but the effects of cumulative damage is particularly evident on the façade wall ( Fig. 5 ).
Although further investigation on this topic would be required, some initial considerations could be done for the 30 cases surveyed two times. Figure 6 shows a chart where the increment in PGA due to the subsequent events and the relative increment in damage index, i d , are reported for each church. Details on the calculation of i d are described in Sect. 4.
In Fig. 6 , it is possible to observe the following three different groups of churches:
a. Churches subjected to very high PGA increment in subsequent events and no significant increase in damage index (red dots); b. Churches under proportional increases in PGA and damage index in subsequent events (green dots); c. Churches subjected to quite similar PGAs in subsequent events and displaying relevant increases in damage index (also with collapse), clearly showing a cumulative damage (black dots).
This first classification points out that there is not an univocal correspondence between PGA and damage index increment and that the response related to the cumulative damage is not the same since all cases might have different responses.
It was also possible to observe that cases belonging to the first group are usually related to out-of-plane mechanisms counteracted by seismic devices (e.g. ties). As example, Fig. 7a , b show the case of Church of Santa Maria in Casalicchio in Montemonaco (Ascoli Piceno), where the activation of the façade overturning generated some cracks with a very low damage index increase (from 0.13 to 0.15) after the second event, nevertheless the PGA passed from 0.108 g to 0.211 g.
Conversely, cases belonging to the second group, with proportionally increasing of damage index and PGA, are usually related to in-plane mechanisms (e.g. shear) for which the increase in PGA led to higher internal forces and more widespread damages. Figure 7c belfry or standing elements. In such conditions, the second event, even similar to the first one in terms of PGA, led to severe increase in damage. Figure 7e , f show the Church of Saints Pietro and Paolo in Arquata del Tronto (AP), which totally collapsed for an increase in PGA of 0.207 g. The i d moves from 0.63 after August 24th to 1.00 (totally collapsed) after the 30rd of October with a resulting increase of 0.37. Other examples falling in this group are referred to the activation of both in-plane and out-of-plane mechanisms with an intermediate level of damage and partial roof collapses, which resulted in complete collapses after the October events.
MCS and EMS98 macro-seismic scales
After each seismic event of the 2016-2017 sequence, field surveys were performed under the joint coordination of the Italian institutions of DPC and INGV (National Institute of Geophysics and Volcanology) to assess macro-seismic intensity values according to both MCS and EMS98 intensity scales (Sieberg 1930; Grunthal 1998) . Four consecutive technical reports were issued to estimate the damage distribution on buildings in the affected areas (Galli et al. 2016; Tertulliani and Azzaro 2016a, b; Tertulliani and Azzaro 2017) .
It is important to highlight that the MCS intensity scale survey is an expedite method that is used during emergency phases; it allows defining the mean/severe damage distribution within 2 days from the seismic event. The final macro-seismic map with the boundaries of the damaged areas is performed within 15 days after the event. On the other hand, the EMS98 intensity scale takes into account the damage recorded on ordinary buildings and the resulting impact on human lives, allowing the evaluation of the level of damage to buildings characterised by very different vulnerability sources. Nevertheless, EMS98 intensity scale does not allow an immediate definition of macro-seismic intensities potentially useful during emergency phases, since it requires a preliminary definition of homogeneous vulnerability classes of building to which assign a certain macro-seismic intensity.
It is also crucial to emphasize that the area affected by the August 24th earthquake is composed of quite different categories of buildings. In the Amatrice area the most recurrent building types were made of rubble masonry with irregular size and poor mortar, while in the area hit by the October 26th and 30th seismic events, most buildings were characterised by a lower vulnerability, thanks to the numerous seismic retrofit performed after 1979 and 1997-1998 earthquakes and to the better building materials used (Galli et al. 2016) .
Based on the technical reports, each church of the database was associated to two intensity values, according to both EMS98 and MCS intensity scales ( Fig. 8a, b ). The intensity assigned to each church was the maximum one registered during the entire seismic sequence from August 2016 to January 2017, in the specific area, before the last available survey of the church. Despite the differences between the two scales, the resulting intensities were very similar, as is clear from the comparison between Fig. 8a , b. Therefore, in the following, the MCS intensity scale (Sieberg 1930) was chosen as a reference.
The association of a macro-seismic intensity to each church allowed splitting the collected database into quite homogeneous areas, in order to carry out statistical comparisons between more uniform and consistent data.
Intensity maps (shakemaps)
Shake-maps describe the main ground motion parameters, giving a quantitative evaluation of the seismic action. These are provided by INGV (National Institute of Geophysics and Volcanology), starting from the data recorded in its seismic stations, and are defined according to the correlations provided by Michelini et al. (2008) , Faenza and Michelini (2010) and Faenza et al. (2016) . The maps already account for the soil types determined by the V s30 value, estimated on the 1:100,000 geological map of Italy, but they do not account for local site effects. In order to perform a more precise estimation, a complete micro-zonation would be necessary but, to date, this is still difficult to get. Figure 9 shows the shakemaps of the two main events of the seismic sequence (August 24th and October 30th 2016, see also Table 1 ).
All the six events reported in Table 1 were analysed in this work and, in the following, the main ground motion parameters, namely, Peak Ground Acceleration (PGA), Peak Ground Velocity (PGV), spectral response at 0.3, 1.0 and 3.0 s (PSA 0.3-1.0-3.0), were estimated by interpolation, for each church of the database and for each of the six events. Figure 10a shows the number of churches hit by the highest PGA before the last available survey. The PGA values are included in defined intervals and point out that almost two-third of the inspected churches experienced accelerations lower than 0.1 g. Within the database, it is then possible to draw reliable statistical considerations for low and moderate ranges of PGA, whereas for high acceleration ranges (> 0.4 g) the database is less densely populated (only 60 observations, i.e. 7% of the database).
The two pie charts in Fig. 10b , c have the goal to compare the different values of PGA measured in the six events. Figure 10b show which are the seismic events (the most severe events occurred on 24th August, 26th October, 30th October, and 18th January) that induced the highest PGAs in each inspected church before the date of survey and, hence, the highest PGA causing the damage analysed in the survey form. Conversely, Fig. 10c shows the highest PGA recorded for each inspected church during the entire seismic sequence. Figure 10c highlights that the October 30th event induced the highest PGAs for (Tertulliani and Azzaro, 2016b) 1 3 78% of the inspected churches; therefore it can be considered as the major earthquake of the entire sequence. On the other hand, the first event (August 24th) was the worst shock for only 14% of the examined cases ( Fig. 10c ) but at the time of the survey the inspected damages where related in 33% of cases ( Fig. 10b ) to the first event.
As already cited in Sects. 2.1 and 2.3, due to the long duration of the survey campaign, carried out along the different emergency phases, the damage assessment was related to the highest PGA recorded before the date of each survey ( Fig. 10b ) and not to the maximum acceleration occurred during the whole swarm. The two values, indeed, were not always coincident. Since the January 18th event was almost negligible, it resulted the most severe for the only 1% of the inspected churches. Conversely, for 63% of inspected churches the most severe event was the one occurred on October 30th. The August 24th event was the worst one for the 33% of the inspected churches at the date of survey, since these churches were inspected only after the August 24th and not after the subsequent more severe strokes. The two October 26th events were the strongest for the churches located very close to the epicentres of the events (3%).
Correlation between macro-seismic intensity and PGA
During the last decades, many relations between PGAs and macro-seismic intensities have been determined (Gómez Capera et al. 2007; Margottini et al. 1992; Decanini et al. 1995; Faenza and Michelini 2010) . However, the majority of the existing studies have been based on the historical seismic data collected for western USA and Japan. In Italy, relationships between intensity data and PGA records have been proposed, among others, by Decanini et al. (1995) , Margottini, et al. (1992) and Faenza and Michelini (2010) , being the last one used by INGV for developing the shake-maps. The various formulations are mainly different with refer to the data used for assessing the proposed correlations and to the potential additional parameters, i.e. the epicentral distance, as reported in (Souriau 2006) . In addition, the adopted correlations in the following are only those which refers to the same macro-seismic intensity scale. Table 2 reports the main correlations available in the literature between MCS intensities and PGA values. For Margottini et al. (1992) laws, a coefficient of correlation R is also available. All the considered expressions propose a logarithmic dependence of the PGAs on the macro-seismic intensity values, I MCS .
It is important to note that the correlation between the measured intensity (PGA) and the macro-seismic data (I MCS ) is already related to the average vulnerability of a class of constructions, because damage is intrinsically included in the macro-seismic measure. Moreover, the observed damages depend on structures typologies, soil, and topography and the response spectrum of a specific earthquake is not described by the single value of PGA. Thus, the correlation curves might change depending on the considered seismic sequence. Figure 11 shows PGAs and macro-seismic intensity values associated to each church of the database, together with the correlation curves provided by Decanini et al. (1995) , Margottini et al. (1992) and Faenza and Michelini (2010) . The data highlight that, in many churches, also low values of macro-seismic intensity, i.e. V-VI, can be associated with high levels of PGA, i.e. 0.4-0.5 g. Since an increasing trend of PGA with the intensity can be identified, the following expression based on a best fitting regression of the collected data is proposed:
Equation (1) represents a good fit of the collected data, with an acceptable coefficient of correlation (i.e., R = 0.77), which is also better than some of the existing correlations, such as Margottini et al. (1992) . The Central Italy data (LogPGA, I MCS ) are related to the position of each inspected church.
It can be observed that most of the data are characterised by low intensity values (I MCS ≤ VI), since the locations are often far from the epicentres. Also, it is worth noting that, for a fixed value of I MCS , most of the data are characterised by a higher value of PGA compared to the ones predicted by the existing literature correlations. This would imply a lower vulnerability of the current Central Italy building stock with respect to the datasets of buildings previously analysed for assessing the literature correlations. Such an apparent lower vulnerability of the buildings hit by the Centro-Italia sequence might be justified by the numerous structural interventions performed on these buildings after the 1979 and 1997 Umbria-Marche seismic sequences.
However, as already mentioned in Sect. 2.1, it is worth noting that the collected macroseismic intensities are based on observed damage induced in ordinary buildings, and, thus, both damage and macro-seismic intensities could be higher for churches, due to the higher intrinsic vulnerability of such a building typology in comparison with the ordinary ones. Currently, any correlation between PGAs and macro-seismic intensities for churches and monumental buildings does not exist.
Based on these observations, Eq.
(1) will not be used in this paper, while the PGA and MCS adopted in the following analyses will be the ones defined by the post-earthquake surveys (Galli et al. 2016; Azzaro 2016a, b, 2017) .
(1) LogPGA = 0.22 ⋅ I MCS + 0.72 
Survey form for unreinforced masonry (URM) churches
Starting from September 13th 2016 to May 12th 2017, numerous teams from several Italian universities carried out, under the joint coordination of the Italian Department of Civil Protection (DPC), the Italian Laboratories University Network of Seismic Engineering (ReLUIS), and the Ministry of Cultural Heritage (MiBACT), the usability checks on churches and monumental buildings hit by the Central Italy seismic sequence. Besides the damage assessment, the general aim was to define provisional safety measures for the safeguard of buildings and their artistic content or, in case of positive outcome of the usability checks, to eventually allow the re-opening of churches in order to support, from a social and cultural point of view, community rehabilitation programs.
A total of 4322 surveys were performed on the churches of four Italian regions, namely Abruzzo (633), Marche (2289), Lazio (303) and Umbria (1097). Within such a building stock, 23.6% of the structures resulted safe, 5.1% partially safe, 21.9% safe with precautions, 1.7% temporarily unsafe, 47.2% unsafe and the remaining 0.5% resulted unsafe for external reasons (Prime Minister's Office and Department of Civil Protection 2017).
The seismic damage assessment and usability evaluation of masonry churches was carried out during the emergency phases by using a specific survey form (DPCM 2006) based on a well-established assessment approach (Giuffré 1991; Lagomarsino et al. 2001) . As recalled in the introduction, the survey form analyses 28 damage/collapse mechanisms listed in details in Table 3 and potentially involving different macro-elements or architectonic parts of the church. A comprehensive database based on the collected information was set, in order to analyse the main typological features and the related vulnerabilities of the inspected churches. The structure of the database is based on the following categories and data recorded: Information from a to f was directly gathered from the A-DC form (DPCM 2006) , whereas to perform more accurate analyses, an additional series of information (g to j) Hammering and damage in the apses roof was collected. Typological information (pt. g) was collected in situ in addition to the form information; ground motion parameters and hazard information (pts. h and j) were calculated by an automatic subroutine starting from INGV data, while macro-seismic intensities (pt. i) were obtained according to Galli et al. (2016) , Tertulliani and Azzaro (2016a, b) and Tertulliani and Azzaro (2017) . These integrations underline the need of more data in the A-DC form than those currently contained, in order to perform more detailed and quantitative analysis on the inspected churches.
Analysis of the church typologies
A reliable vulnerability analysis of the churches should take into account the behaviour of different typologies, or classes, of churches. Therefore, the whole database was analysed in terms of plan shape and dimension, type of façade, presence, shape and position of the bell tower or the bell gable, height of the construction, type of horizontal diaphragms (vaults, roofs), and type of masonry, in order to define homogeneous structural classes related to the observed vulnerabilities. Seven types of plan shape were determined. A first subdivision was done according to the number of naves, one or three. One-nave churches were further classified into three classes considering the presence of apse, lateral chapels and/or transept (classes 1, 2 and 3, respectively). Conversely, three-nave churches were split into three sub-classes according to the presence of chapels, transepts, and domes (class 4, 5 and 6, respectively). Finally, class 7 includes churches with circular plan. Four types of façade were identified: gabled, salient façade, quadrangular/rectangular and polygonal (see Fig. 12n . from 1 to 4 respectively). Figure 12 shows the distribution of these characteristics. Considering only the cases in which the plan shape is known (764), most of the churches belong to class 1 and 2 (i.e. more than 80%), characterised by a single nave without lateral chapels and/or transepts but eventually with apse (about 40% out of 80%). Also, considering only churches where the façades typologies are known (767), the most recurrent façade has a typical 
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Mechanism in the bell cell gabled shape (74%). For 122 churches, the façade is not known, very often due to the collapse of the façade or of the whole church.
On the entire database of 889 cases, in 744 is possible to recognise the typology of the bell tower. On this set a bell gable is found in 43% of the churches, while in the remaining cases (54%) a bell tower is present. Only 3% of the inspected churches do not have a bell tower or a bell gable. In few cases (3%), the bell tower is separated from the church, while typically it is integrated within different portions of the church (façade 10%, nave 7%, apse 11%, in mixed portions 23%).
Regarding the horizontal diaphragms, an accurate analysis could not be carried out because a properly survey of these elements was difficult. For example, it was not always possible to perform the direct inspection of the vaulted elements and, hence, it was sometimes complicated to distinguish between structural and false ceiling vaults. The roof inspection was not always feasible too and, therefore, there is a lack of information about roof for 46% of cases. Nevertheless, for the remaining 478 churches, the roofs were reliably subdivided into rigid, semi-rigid and deformable types (6%, 35% and 59%, respectively). It was observed that about 66% of the churches are characterised by wooden beams or trusses with a clay tiles roof. Moreover, 44% of the surveyed churches present vaults with different configurations but, to date, not enough information is available to perform more accurate considerations.
Since the seismic sequence interested four adjacent regions, the influence of the traditional construction techniques on the seismic responses should also be considered. To this aim, a study of the regional features merely based on administrative borders cannot provide satisfactory results. Conversely, some interesting comments can be derived from Fig. 13 by observing the geographical distribution of the churches in terms of masonry and bell tower typologies.
Indeed, in Fig. 13a , the various masonry types encountered during the inspections are simplistically subdivided into stone masonry (gradation of blue) and clay brick masonry (gradation of red), although the masonry elements arrangements and cross-sections can be slightly different within these two main categories. Figure 13a shows that there is a territorial influence in the choice of materials: in general, clay brick masonry is mainly present in the churches located along the coast, whereas stone masonry is mainly used on the hills and mountains of the internal areas.
Moreover, in Fig. 13b , integrated towers (in yellow), isolated towers (in red) and bell gables (in green) do not have a significant relationship with the geographical distribution of the churches. It can only be noted that a higher number of bell gables exists far from the coast, i.e. on high hills and mountains. The size and the geometrical features of the churches were also examined. The typical Central Italy church has a plan surface smaller than 200 m 2 , with a mode of 75 m 2 , and a height smaller than 10 m, with a mode of 6.25 m. The regional distribution reported in Fig. 14 shows that larger churches, in terms of both surface and height, are mainly located in city centres or in symbolical religious places (e.g. in the centres of Cascia and Norcia, devoted to the cult of Santa Rita and San Benedetto, respectively). The high presence of large churches close to the coast is related to the presence of more important urban contexts in those areas in comparison with those present in the internal ones. It can be concluded that the typical church in Central Italy has one nave, in half cases with apse, a simple gabled façade, a bell gable and a wooden roof. The common height is about 6 m with a plan surface of 75 m 2 . Moreover, two antithetical implications can be highlighted for the developed database. On the one hand, it allows analysing a large homogenous dataset of one typology, which may provide more accurate vulnerability results. On the other hand, the influence of some other typological elements on the vulnerability cannot easily be evaluated, since only few data are available for the less populated classes.
Statistical analysis of the observed damages
Usability outcomes
As introduced above, the A-DC survey form (DPCM 2006 ) is aimed to provide, in the emergency phase, the usability checks on masonry churches after an earthquake and the damage indexes. Figure 15a reports the geographical distribution of the usability outcomes (unsafe, temporarily safe, safe with precautions, partially safe, safe) referred to all the inspected churches of the database, while Fig. 15b shows the geographical distribution of the related PGA ranges. Crossing the information coming from the two figures, it is evident that the epicentral area and its surroundings (Apennine mountains) are almost entirely characterised by unsafe conditions whereas, moving far from the epicentres towards the coast, the maximum PGA decreases (< 0.1 g) and "safe" is the most frequent condition. Nevertheless, it has to be also noted that many cases of "safe with precautions" were found far from the epicentral areas. These results could be due to poor maintenance levels of the inspected churches rather than to their intrinsic seismic behaviour, or to the activation of a specific mechanism, which inhibited the use of the entire construction before a proper intervention. Considering also the typological description presented in Sect. 3.2, the analysis of parameters related to the churches mainly distributed along the coast (i.e. large surfaces, brick masonry, three naves, etc.) appears to be of little significance, because of the smaller intensity levels reached during the 2016-2017 seismic sequence.
Based on such considerations, the usability outcomes were correlated to the values of PGA recorded for each church and divided in intervals in Fig. 16 . The graph reports a total of 883 observations because for 6 cases the unsafe condition was due to issues external to the structure. Due to the seismic wave propagation and the low number of cases located in the epicentral area, the number of observations for high PGAs is limited (93 cases with PGA > 0.3 g, i.e. about 10% of the whole database). Nevertheless, for some cases (16) the PGA reaches values ranging in 0.6-0.8 g, which is a very severe action.
Then, Fig. 16 shows also that the number of safe cases decreases with the increase in PGA, confirming what already observed in Fig. 15 . As an example, for the churches that suffered PGAs between 0.2 g and 0.3 g, i.e. 56 cases, the number of 'safe' and 'partially safe' buildings reduces to only 8%, whereas the 'unsafe' ones and the 'safe with precautions' are 66% and 26%, respectively. This means that, in general, in areas affected by those accelerations, owners or public administrations in charge of the building stock management might expect the almost complete closure of the structures.
Conversely, for low intensity intervals (PGA < 0.1 g, totally 513 churches) the number of buildings that are 'unsafe' or 'safe with precautions' seems too high (about 55%) to consider the seismic actions as the only cause of damage or collapse. Thus, in order to better understand the sources of the observed damage, the survey form should better account for the aspects related to the previous safety conditions. Indeed, in many cases, rural churches with poor maintenance level were found to be heavily damaged after the seismic events. In this way, the identification of possible vulnerability sources pre-existing the earthquakes could be facilitated. 
Damage index and comparison between potential and activated mechanisms
The A-DC survey form (DPCM 2006) described in Sect. 3.1 also provides a formulation aimed to obtain a global damage index for the generic church:
where n is the number of mechanisms that can be potentially activated in the church and d k is the damage recorded in the k-th mechanism (from 0 to 5). In particular, the level of damage d k can be determined according to the EMS scale (Grunthal 1998) according to the following correspondences: 0 = no damage; 1 = slight damage; 2 = moderate damage, 3 = heavy damage; 4 = very heavy damage; 5 = collapse. On the other hand, the global damage index i d can be transformed into a discrete variable in correlation with the global damage level D i (0÷5) of the EMS scale, according to the approach proposed by Lagomarsino and Podestà (2005) . The correlation between the global damage index, i d , and level of damage, D i , is reported in Table 4 . It is worth noting, once again, that the damage reported is that registered at the survey data and is assumed to be caused by the highest seismic intensity previously occurred. Figure 17a shows the correlation between the damage levels observed in the inspected churches and the usability outcomes. At D2 damage level (i.e., for i d = 0.25÷0.4), most of the churches (95%) are not immediately safe and only in about 12% of cases they could be safe after providing provisional strengthening interventions. This means that at D2 damage level, the 80% of churches are unsafe. At D3 or higher damage levels, the churches are all unsafe. This outcome is also in agreement with the surveys carried out after past Italian earthquakes, such as 2009 Abruzzo and 2012 Emilia seismic sequences (da Porto et al. 2012; Taffarel et al. 2016) and might be used to create risk scenarios, in order to estimate possible distributions of usability, starting from the damage level. Figure 17b reports the damage index, i d , versus the PGA for all the inspected cases, classified basing on the usability check. Very heterogeneous results can be observed in terms of response behaviour, with some dispersed cases (i.e., high damage indexes for low PGA values or low damage indexes, around 0.1, for significant PGA, higher than 0.3 g). This confirms that usability check is related to the damage level attained by the church, whereas the relationship between damage level and ground motion parameters is more complex to be described, depending on both the intrinsic or pre-existing vulnerability of the building and the ground motion characteristics. These results should also be correlated with information on the damage distribution on the affected area, as shown in Fig. 17c . It is clear that the highest damage is concentrated over the Apennine mountains, whereas the damage decreases towards the coast together with the maximum PGA (< 0.1 g).
(2) A detailed study on the potential and activated mechanisms was also performed and is represented in Fig. 18 (the labels of each mechanism type refer to Table 3 ), considering that potential mechanisms testify the presence of the related macro-elements, even if they are not necessarily damaged (d k = 0). The percentage of possible mechanisms activated is defined as the ratio of the number of churches in which the mechanism was possible to the total amount of churches in the database. Conversely, the percentage of activated mechanisms is defined as the ratio of the churches in which the mechanism was activated, i.e. those cases in which the damage level was at least "one", to the number of churches in which the same mechanism was possible.
Firstly, the analysis of potential mechanisms confirms that Central Italy churches are simple, usually without chapels, domes, lanterns and aisles. Apses, instead, are present in about 50% of the churches, in agreement with the observations drawn in Sect. 3.2. On the other hand, the analysis of the activated mechanisms is in line with the common observations made after previous earthquakes, pointing out the high possibilities of activation for the mechanisms involving façade, arches, vaults lanterns, and bell gable.
A more detailed analysis for each mechanism was performed considering the level of damage (Fig. 19) attained for each mechanism. In particular, it can be observed that the three mechanisms concerning the bell tower (i.e. M26-M27-M28) are largely activated, reaching the highest percentage (about 30%) of severe damage (D4 and D5). The roof mechanisms M19 and M21 also were characterized by a significant occurrence (about 20%) of high damage levels (D4 and D5). These aspects should be further discussed and investigated in order to evaluate the possibility of correlating the number of walls experiencing total collapses (D5) or severe damage (D4) with the activation of mechanisms and damage to the roof systems that collapse or remain severely damaged due to the collapse of its supporting walls.
Statistical processing of the database and preliminary proposal of fragility curves
In this study, Damage Probability Matrices (DPMs) and a preliminary proposal of fragility curves, based on statistical elaborations of the damages to the inspected churches, were produced. The use of DPMs for vulnerability analysis and damage prediction was firstly introduced after 1980 Irpinia earthquake (Braga et al. 1982 ). Since then, DPMs have been used to provide a discrete relationship between the observed damage, in terms of damage index collected with the field survey form, i.e. using the A-DC form (DPCM 2006) , and the seismic action in terms of both macro-seismic intensity and ground motion parameters. Basing on DPMs, fragility curves can be derived to represent the probability of exceeding different damage levels. Fig. 19 Percentage, on activated mechanisms, of observed damage levels for each mechanism For a reliable representation of data, each matrix should also be associated to a homogeneous seismic vulnerability class. The EMS scale (Grunthal 1988) , as well as other macro-seismic scales, introduces vulnerability classes related to ordinary buildings, while a classification for churches and monumental buildings is still missing. For the churches, Lagomarsino and Podestà (2004a, b) proposed a vulnerability index, i v ranging in 0 ÷ 1, which can be calculated through scores assigned thanks to a detailed survey in the macroelements of the church and an appropriate form. Such an index depends, indeed, on the presence of vulnerable elements and on the presence and effectiveness of strengthening devices. Two vulnerability classes have been derived: less (i v < 0.4, typically i vmean = 0.2) and more (i v ≥ 0.4, typically i vmean = 0.6) vulnerable churches, with an average of 0.4 for all churches. The average value is very similar to that (i v = 0.48) later derived by de Matteis and Zizi (2019a, b) specifically for one-nave central Italy churches.
Since a detailed survey of the macro-elements and the strengthening devices was not carried out during the Central Italy post-earthquake emergency phases, the construction of both DPMs and fragility curves could be based on literature/qualitative vulnerability indexes or on a reduced sample of churches, sufficiently representative of a homogeneous vulnerability class. In fact, the vulnerability generally changes according to, and, thus, can be related to, different typological classes (e.g. identified by plan types, dimensions, used materials, type of roof structures, etc.…).
Considering the results and the typological distribution discussed in Sect. 3.2, the church of type 1 and 2, constituting a sample of 633 churches, can be properly used as an unitary typological class (see the summary reported in Table 5 ). For all the other typologies, both the limited numerosity of cases and the low values of the earthquake parameters (PGA or macro-seismic intensity) do not allow assessing adequately the fragility curves for different damage levels. Therefore, in the following, a reduced sample of 633 out of 889 total cases, considered to be sufficiently representative of a homogenous vulnerability class, was analysed. The classes percentages reported in Table 5 are calculated on a set of 764 forms that are those that have this information.
DPM for Macro-seismic intensity
By using the data derived from the available reports (Galli et al. 2016; Tertulliani and Azzaro 2016a, b; Tertulliani and Azzaro 2017) , four groups of macro-seismic intensity levels, from I MCS ≤ V to I MCS ≥ VIII, were defined to obtain damage probability matrices (DPMs). For each interval of macro-seismic intensity, the relative frequency of occurrence of each damage level (D i ) was computed, obtaining the DPMs reported in Fig. 20a for all the inspected churches and in Fig. 20b for the only churches of type 1 and 2 (see Fig. 12a ). N is the number of churches falling in each intensity level. In both cases, the churches characterised by a low macro-seismic intensity, i.e. I MCS ≤ V, suffered low damage (D4 was less than 5%). On the other hand, for higher intensities, i.e. I MCS > VIII, the percentage of churches attaining more severe damage (D3-D4-D5, corresponding to a damage index i d ≥ 0.4) increases to about 50%. The data plotted in the DPMs of Fig. 20 clearly show that, since about 71% of the churches of the database are of types 1 and 2 (633 churches), the whole database of 889 churches (Fig. 20a ) and the sub-classes of churches of types 1 and 2 ( Fig. 20b ) provide very similar results. This result further justifies that only churches of type 1 and 2 will be considered in the following analysis.
Many literature studies, such as those by da Porto et al. (2012) , Lagomarsino and Podestà (2004a , b) and De Matteis et al. (2016 , highlighted the intrinsic higher vulnerability of three-nave churches, despite they are very often built with better material and better building techniques because they are usually located in relevant cities. On the contrary, the DPMs for the three-nave churches of the collected database (typologies 4, 5 and 6) seem to provide opposite outcomes, since the observed mean damage for 77 threenave churches is 0.12 for IV ≥ IMCS ≥ V-VI and 0.24 for VI ≥ IMCS ≥ VI-VII. To explain this discrepancy, it should be taken into account that, according to Table 5 , only 77 threenave churches were inspected and most of them were located very far from the epicentres, resulting, thus, in low damages. Hence, the lack of sufficient data on three-nave churches does not make it possible to give any conclusion for such a typology.
DPMs for PGA intensity
The DPMs were also evaluated in relation to the highest PGA recorded for each church, considering this as the worst action occurred before the survey date, during the seismic sequence from August 24th 2016 to January 18th 2017. Figure 21 shows the percentage distribution of damage levels for each PGA interval, only for churches of type 1 and 2 (totally 633 churches). Figure 21 shows that most of the churches (476, i.e. 75% of the sample) suffered a PGA ≤ 0.15 g. Nevertheless, thanks to the high number of surveyed churches, a sufficient population characterises each interval of PGA.
As expected, the damage distribution shows increasing trends for increasing seismic actions; in particular, for the lowest PGA values, i.e. for PGA ≤ 0.15 g, a low damage level (D0 to D3) was recorded with only about 10% of churches that attained D3. Conversely, for PGA > 0.3 g a significantly higher damage was found (D4 and D5 start to be observed with an increasing occurrence with the PGA). These outcomes were used as background information for defining the fragility curves for the most common church types in Central Italy.
Preliminary proposal of fragility curves
Once the Damage Probability Matrices are defined, it is possible to derive the fragility curves. The most representative samples, as already discussed, are constituted by the whole database (889 churches) and by the churches of type 1 and 2, i.e. 633 one-nave churches. In the first case, vulnerability classes are not taken into account, resulting in a more spread solution for the definition of fragility curves. In the second case, the fragility curves can be considered as specific for a particular structural typology, which represents, according to the analysis carried out in Sect. 3.2, more accurately the typical churches of the Central Italy. The results in the two cases are quite similar even in terms of fragility curves due to the higher percentage of Classes 1 and 2 on the database. In the following only the fragility curves related to the two classes (1 and 2) are reported.
To create the fragility curves it is necessary to evaluate the cumulative distribution function in terms of PGA for each damage level. The curve fitting is based on a statistical N=150 N=183 N=140 N=34 N=44 N=31 N=18 N=33 Fig. 21 DPM according to different PGAs for types 1 and 2 of the surveyed churches (633 one-nave churches out of 889) method available in the literature (Baker 2015) based on a lognormal distribution. To perform the fitting, a more representative series of PGA intervals was defined considering that, as already shown in Fig. 10 , the distribution of observations is not homogenous along intervals with fixed step, since the number of observed cases is smaller for higher accelerations. Therefore, smaller intervals were fixed for lower accelerations (i.e. 0.1 g interval for PGA from 0.0 to 0.4 g) and larger for higher PGA values (i.e. 0.2 g interval for PGA from 0.4 g to 0.8 g). Each PGA interval is denoted by the j letter.
The fitting method accounts for the ratio between the number of exceedance of a damage level and the total number of cases in the defined PGA interval, calculated as follows:
The lognormal distribution has x = PGA, i.e. the ground motion parameter, while the damage index i d is related to the damage level D i (see Table 4 ). () is the standard normal cumulative distribution (CDF), while and are the median of the fragility curve and the standard deviation of ln (PGA) , respectively. The interpolation law described above is compared to the observational data, represented by the fraction of churches that exceeds a fixed damage level, through the maximum likelihood method. As defined in Baker (2015) , to estimate the maximum likelihood, considering the m independent observation of surveys with the definition of damage level (from D1 to D5), the true probability of damage exceedance (from the unknown fragility function) is:
where z j is the number of cases with damage index exceeding a certain level of damage D i , n j is the total cases belonging to the j-th PGA interval, p j is the probability that the j-th PGA interval will cause a certain level of damage D i .
Substituting p j in (4) as previously defined in (3), the likelihood is obtained as the product of all comparisons. The fitting procedure implemented aims at maximizing the likelihood, operating on and parameters, i.e.:
In Table 6 the values of and of the best fitting lognormal curve associated to each damage level are listed together with the parameter measuring the likelihood of each curve. Figure 22a shows the fragility curves obtained for the type 1 and type 2 one-nave churches, corresponding to the damage levels D1 to D5. Besides the standard definition of damage level that implies the fragility curves in this figure, the results of the surveys can also be represented by taking into account the usability outcomes and the overall damage To this aim, it should be noted that the D1 damage level is generally related to 'safe' or 'safe with precautions' conditions for churches to which slight damages occurred, while in the presented database a small percentage of churches are 'unsafe' for the D1 level ( Fig. 17a ) and, starting from D2 damage level, almost all churches are 'unsafe'. Indeed, in the case of D2 and D3, the structures underwent moderate to high damage, requiring interventions for their repair. Conversely, when the damage level was greater than or equal to D4 (damage index i d ≥ 0.6), usually some partial or global collapse occurred, with major damage associated to an increased cost for repair, but also to possible human casualties. Based on these observations, Fig. 22b proposes three main conditions summarising information from damage levels and usability outcomes, such as: a. slight damage-Safe; b. moderate damage-Unsafe; c. severe damage-Collapse.
From a civil protection point of view and for a very fast estimate of the losses associated to a certain event, these summarising limit states could be associated to simplified, but more immediate, results. On those curves, the points adopted for the calibration are also plotted. Considering the definition of fragility as the probability of exceeding a given damage state, the three curves of Fig. 22b obviously coincide with the fragility curves for the damage levels D1, D2 and D4 of Fig. 22a .
Conclusions
The seismic sequence that hit Central Italy in 2016-2017 caused considerable damages to many churches of Abruzzo, Lazio, Marche, and Umbria. This paper presents the statistical analysis of 889 inspections performed on churches after this seismic sequence. A detailed database was built in order to provide useful tools for detailed analyses on damage distribution and for implementing fragility curves.
A first evaluation of input actions was performed according to both an instrumental (i.e. PGA) and a quantitative (macro-seismic intensity) approach. Various literature correlations between PGA and macro-seismic intensity were analysed. Since for a fixed intensity value, most of the churches were characterised by a higher value of PGA with respect to the literature correlations, a new correlation curve with an acceptable coefficient of determination (i.e. R 2 = 0.60) was proposed by fitting the data of the collected database. Subsequently, a typological description of the inspected churches in Central Italy was performed. According to the statistics, most of the churches are characterised by one nave without lateral chapels and/or transepts, but eventually with apse, a typical gabled shape façade and bell gable. Moreover, they are made of irregular stones and have rather small dimensions.
The analysis of the activated mechanisms confirmed that Central Italy churches are simple, usually without chapels, domes, lanterns and aisles. This analysis was in agreement with the outcomes of past earthquakes, confirming the high probability of activating façades, arches, vaults lanterns and bell gable mechanisms. It was also pointed out that bell tower mechanisms (M26-M27-M28) and roof damages (M19-M21) are highly vulnerable. These aspects should be further investigated in order to evaluate the possible correlation between total collapses and high damage to roof structures.
The comparison of the damage indexes and the usability outcomes with the seismic inputs evidenced that the number of safe cases decreases for increasing seismic actions. Nevertheless, for PGA < 0.1 g the number of unsafe buildings or safe with precautions was too high to be only attributable to the seismic actions, meaning that most of these cases consist of rural churches with poor maintenance levels. For this reason, the survey forms should better account for the previous building safety conditions. Damage Probability Matrices based on statistical elaborations of the damage to the inspected churches were also produced, providing a discrete relationship between the observed damage and the seismic action in terms of both macro-seismic intensity and PGA. Since 71% of the database consisted of one-nave churches with and without apse (633 out of 889 churches), such a reduced sample was considered representative of a homogeneous vulnerability class, whereas for three-nave churches solid statistical analyses could not be carried out due to the non-representativeness of the sample. For both macro-seismic intensity and PGA representations, the global damage level presented a monotonic behaviour. It is worth noting that low macro-seismic intensity (I MCS ≤ VI) and low PGA (≤ 0.15 g) characterised the majority of the inspected churches.
Lastly, thanks to the large amount of available data, a set of fragility curves related to slight (D1), moderate (D2-D3) and severe (D4-D5) damage was proposed. However, it has to be taken into account that a wide part of the churches herein presented suffered more than one shock, which may have led to cumulative damage and, hence, to a damage overestimation in comparison with the damage due to the highest shock only.
The availability of fragility curves for a particular structural typology allows predicting possible scenarios, in terms of both construction of risk maps and in the emergency phases to have an idea of possible damage extension and entity. The definition of typological classes and of related fragility curves also allows prioritising more in-depth analyses of single churches and the execution of interventions for improving their seismic behaviour and mitigating the seismic risk.
Considering that masonry churches constitute a wide portion of the Italian heritage building stock and that they have a very high vulnerability, this general framework is of outmost importance to reduce the loss of artistic value and the very high costs associated with damage and collapse of such buildings. For these reasons, the database presented in this work should be further enlarged, in order to allow consistent definition of fragility curves for other types of churches and better analyse the influence of past interventions on the observed behaviour. Extensive research should be then carried out for defining the best strategies for the interventions.
